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(57) A method for forming a silicone polymer insu- 
lation film having low relative dielectric constant, high 
thermal stability and high humidity-resistance on a sem- 
iconductor substrate is applied to a plasma CVD appa- 
ratus. The first step is directly vaporizing a silicon-con- 
taining hydrocarbon compound expressed by the gen- 
eral formula Si a OpC x H y (a, p, x, and y are integers) and 
then introducing the vaporized compound to the reac- 



tion cha/hber of the plasma CVD apparatus. The silicon- 
containing hydrocarbon compound has at most two O- 
C n H 2n+1 bonds and at least two hydrocarbon radicals 
bonded to the silicon. The next step is introducing addi- 
tive gas into the reaction chamber. The residence time 
of the material gas is lengthened by reducing the total 
flow of the reaction gas, in such a way as to forme a 
silicone polymer film having a micropore porous struc- 
ture with low relative dielectric constant. . 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

Ki Jli inV8nti0n rSla ! eS 9en8rally t0 3 semiconductor technique and more particularly to a silicone polymer 
"po^ 

Description of Related Art 

L°^d w^nT,!! 0 ' ^ r T n, . riSe ln requiremen,s ,or the 'arge-scale integration of semiconductor devices, a multi- 
layered wmng techmque attracts a great deal of attention. In these multi-layered structures however capacitencl 
« among individual w.res hinders high speed operations. In order to reduce the capacitance lisr^essa^^Z 
relative d.electnc constant of the insulation film. Thus, various materials having a relative^ fow re^TdXr^n 
stant have been developed for insulation films. Y aieiectric con- 

LThL o° nVenti0 ; al SNiCOn ° XidS fi,mS Si °* are pr0duced bv a me,hod in which oxygen or nitrogen oxide N 9 0 
is added as an oxidizing agent to a silicon material gas such as SiH 4 or Si(OC 2 H s ) 4 and then processed by heat o< 
plasma energy. Its relative dielectric constant is about 4 0 processed oy heat or 

Ea CVD mSS'if "Tr 11 !? f m ° rPh0US Cafb0n fi ' m h3S bee " pr0dUced ,rom W as a material gas by a 
plasma CVD method. Its relative dielectric constant e is as low as 2 0-2 4 

2v of^£lTf !° redUCe , the re ' atiVe di6leCtriC COnStant ° f inSUla,i0n ,ilm has been ™de by using the good 
stability of S.O bond. A s.l.con<onta.n,ng organic film is produced from a material gas under low pressure (1 Torrtbv 

^Z^ZTV*? ma,9rial 938 " ™ dB ,r ° m P -™° S ^ trimetnoxysilane, foil ^ which s a 
compound of benzene and s.l^on, vaporized by a babbling method. The relative dielectric constant e of this film is as 
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^ m US8S 3 P ° r0US StrUC,Ure made in ,he ,ilm - An insula,ion ^ produced from an inorganic 
frSSn u by 3 Sp,n ^ 0at me,h0d " The relative dielectric e of the film is as low as 2 3 

S ?°TI er ' f ! he abOVS n ° ,ed W"*** 8 ha ve various disadvantages as described below. 
10008] First, the fluonnated amorphous carbon film has lower thermal stability (370°C), poor adhesion with silicon- 

2r™r and r °r er mechanicai s,ren9th - The ,ower ,he ™ ai ■«* «° sjstsssssi 
ssr« wTg c m:sr esion may the fiim ,o peei °« eas ^- — — ™< 

[0009] Oligomers that are polymerized using P-TMOS molecules do not form a linear structure in the vapor phase 

structr^nnr S,rUCtUr6 ' *" *- ™* J»t 

M^ZS^S? 3 hTT 8 fUCtUre ° n 3 & SUbS,ra,e " Le ' ,he densrt * of the d apos"ed film cannot be reduced 
As a result, the relattve dielectric constant of the film cannot be reduced to a desired degree 

Z 2 a SiS fe9ard ' J 6 babblin9 me,h0d m6anS 8 me,h0d Wh8rein Vapor of a **** "^rial, ^ich is obtained by 
STSl^ST SU * 3r90n 935 ^ thfOU9h th8 materia1, iS in,roduced int0 a reac,ion chamber w «" the car ti 
?esu.Mh 6 rl I 96 " 6 ' 3 ^ 3 ,ar9e amOUnt °' 8 Carrier 935 in order to cause materia, gas to flow As a 

vapor Zse ^ " " ^ " 3 ' en9lh * time to Cause P^nzatton in a 

Sill F r rth8r ' 'I* SOG inSUl3ti0n fi ' m °' ,he Spin<oat me,hod has 3 Problem in that the material cannot be applied 
onto the s,l,con substrate evenly and another problem in whteh a cure system after the coating process is cifly 

Object of the Invention 

[0012] It is, therefore, a principal object of this invention to provide an improved insulation film and a method for 
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forming it. 

[0013] It is another object of this invention to provide an insulation film that has a low relative dielectric constant, 
high thermal stability, high humidity-resistance and high adhesive strength, and a method for forming it. 
[001 4] It is a further object of this invention to provide a material for forming an insulation film that has a low relative 
s dielectric constant, high thermal stability, high humidity-resistance and high adhesive strength. 

[0015] It is a still further object of this invention to provide a method for easily forming an insulation film that has a 
low relative dielectric constant without requiring an expensive device. 

SUMMARY OF THE INVENTION 

10 

[0016] One aspect of this invention involves a method for forming an insulation film on a semiconductor substrate 
by using a plasma C VD apparatus including a reaction chamber, which method comprises a step of directly vaporizing 
a silicon-containing hydrocarbon compound expressed by the general formula Si a OpC x H y (a, p, x, and y are integers) 
and then introducing it to the reaction chamber of the plasma CVD apparatus, a step of introducing an additive gas, 

15 the flow volume of which is substantially reduced, into the reaction chamber and also a step of forming an insulation 
film on a semiconductor substrate by plasma polymerization reaction wherein mixed gases made from the vaporized 
silicon-containing hydrocarbon compound as a material gas and the additive gas are used as a reaction gas. It is a 
remarkable feature that the reduction of the additive gas flow also results in a substantial reduction of the total flow of 
the reaction gas. According to the present invention, a silicone polymer film having a micropore porous structure with 

20 low relative dielectric constant can be produced. 

[001 7] The present invention is also drawn to an insulation film formed on a semiconductor substrate, and a material 
for forming the insulation film, residing in the features described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 

[0018] Figure 1 is a schematic diagram illustrating a plasma CVD apparatus used for forming an insulation film of 
this invention. 

[001 9] Figure 2 is a graph showing the relationship between relative dielectric constant and the total flow of a reaction 
gas as well as the relationship between residence time and the total flow of a reaction gas, both in experiments using 
30 PM-DMOS as a material gas. 

[0020] Figure 3 is a graph showing the relationship between the residence time and relative dielectric constant in 
experiments using PM-DMOS as a material gas. 

[0021] Figure 4 is a graph showing the thermal desorption spectra of components having a molecular weight of 16 
due to desorption of CH 4 from films (PM-DMOS, DM-DMOS) according to the present invention in a thermal desorption 
35 test. 

[0022] Figure 5 is a graph showing changes in the degree of vacuum corresponding to the number of total molecules 
desorpted from the films (PM-DMOS, DM-DMOS), i.e., pressure raises due to gas desorpted from the films in the 
thermal desorption test. 

40 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS OF THE INVENTION 
Basic Aspects 

[0023] In the present invention, the silicon-containing hydrocarbon compound expressed as the general formula 
45 s ia°p c x H y ( a « P» x « and y are integers) is preferably a compound having at least one Si-O bond, two or less 0-C n H 2n+1 
bonds and at least two hydrocarbon radicals bonded with silicon (Si). More specifically, the silicon -containing hydro- 
carbon compound includes at least one species of the compound expressed by the chemical formula <2) as follows: 



so 



R1 



55 



QH^-O-Si-O-QH^, 
I 

R2 



<2) 
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wherein R1 and R2 are one of CH 3 , C 2 H 3 . C 2 H 5 , and C 6 H 5 . and m and n are any integer 

[0024] Except for the species indicated above, the silicon-containing hydrocarbon compound can include at i«=. 

one spec.es of the compound expressed by the chemical formula (3) as follows: * **** 

R1 



R3-Si-0-QH 2n+1 (3) 
I 

R2 

20 R1 R3 

. I I 

" ' 1 2m + 1 (4) 



C nH 2n+1 -O-Si-O-Si- O - Q,H 2 



I I 
R2 R4 



30 



wherein R1, R2, R3 and R4 are one of CH, C„H„ c H r u anr \r u ~ * 

roo2Bi P,irth«r <w^„4 , .u • ' 2 3 ' 2 5 ' 3 7 and C e H 5' and m and n are any nteger. 

[0026] Further, except for those species indicated above, the silicon^ontaining hydrocarbon compound can include 

at least one species of the compound expressed by the chemical formula (5) as follows: ° 0mpound Indude 



R1 R6 

35 

I I 

R2 - Si - O - Si - R5 



(5) 

R3 R4 



4S 



(t) Helium 2)11? T* " "V" °' ™* C3H7and C « H * and ,ne additive 9 as * 3 «. argon 

(Arj, Helium (He) and either nitrogen oxide (NjO) or oxygen (0 2 ) 

fnS r, Urth f rmore ' exce Py or those s P eci <* indicated above, the silicon^ontaining hydrocarbon compound can 
.nclude at least one spec.es of the compound expressed by the chemical formula (6) as follows 



R1 

so 

! 



R2 - Si - R4 



ss 

R3 



I 

wherein Rl,R2,R3and Mare one of CH 3 , C 2 H 3 , C 2 H 5 , C 3 H 7 and C 6 H 5 , and the additive gases are argon (Ar), Helium 
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(He) and either nitrogen oxide (N 2 0) or oxygen (0 2 ). 

[0028] Still further, the material gas can include at least one of said silicon-containing hydrocarbon compounds in- 
dicated above. 

[0029] In accordance with another aspect of this invention, an insulation film is formed on a substrate and the film 
5 is polymerized with plasma energy in a plasma CVD apparatus by using a material gas including a silicon-containing 
hydrocarbon compound expressed by formula 2. 

[0030] Additionally, the insulation film is formed on a substrate and the film is polymerized with plasma energy in a 
plasma CVD apparatus by using a material gas including a silicon-containing hydrocarbon compound expressed by 
formula 3. 

10 [0031] Further, the insulation film is formed on a substrate and the film is polymerized with plasma energy in a plasma 
CVD apparatus by using a material gas including a silicon-containing hydrocarbon compound expressed by formula 4. 
[0032] Furthermore, the insulation film is formed on a substrate and the film is polymerized with plasma energy in a 
plasma CVD apparatus by using a material gas including a silicon-containing hydrocarbon compound expressed by 
formula 5. 

is [0033] Still further, the insulation film is formed on a substrate and the film is polymerized with plasma energy in a 
plasma CVD apparatus by using a material gas including a silicon -containing hydrocarbon compound expressed by 
formula 6. 

[0034] In accordance with a further aspect of this invention, a material for forming an insulation film is supplied in a 
vapor phase in the vicinity of a substrate and is treated in a plasma CVD apparatus to form the insulation film on the 
20 substrate by chemical reaction, and the material is further expressed by formula 2. 

[0035] Additionally, a material for forming an insulation film is supplied in a vapor phase in the vicinity of a substrate 
and is treated in a plasma CVD apparatus to form the insulation film on the substrate by chemical reaction, and the 
material is further expressed by formula 3. 

[0036] Further, a material for forming an insulation film is supplied in a vapor phase in the vicinity of a substrate and 
25 is treated in a plasma CVD apparatus to form the insulation film on the substrate by chemical reaction, and the material 
is further expressed by formula 4. 

[0037] Furthermore, a material for forming an insulation film is supplied in a vapor phase with either nitrogen oxide 
(N 2 0) or oxygen (0 2 ) as an oxidizing agent in the vicinity of a substrate and is treated in a plasma CVD apparatus to 
form said insulation film on said substrate by chemical reaction, and this material can be the compound expressed by 
30 formula 5. 

[0038] Still further, a material for forming an insulation film is supplied in a vapor phase with either nitrogen oxide 
(N 2 0) or oxygen (0 2 ) as the oxidizing agent in the vicinity of a substrate and is treated in a plasma CVD apparatus to 
form said insulation film on said substrate by chemical reaction, and this material further can be the compound ex- 
pressed by formula 6. 

35 

Residence Time and Gas Flow 

[0039] The residence time of the reaction gas is determined based on the capacity of the reaction chamber for 
reaction, the pressure adapted for reaction, and the total flow of the reaction gas. The reaction pressure is normally in 

40 the range of 1 -1 0 Torr, preferably 3-7 Torr, so as to maintain stable plasma. This reaction pressure is relatively high in 
order to lengthen the residence time of the reaction gas. The total flow of the reaction gas is important to reducing the 
relative dielectric constant of a resulting film, it is not necessary to control the ratio of the material gas to the additive 
gas. In general, the longer the residence time, the lower the relative dielectric constant becomes. The material gas 
flow necessary for forming a film depends on the desired deposition rate and the area of a substrate on which a film 

4S is formed. For example, in order to form a film on a substrate [r(radius) = 100 mm] at a deposition rate of 300 nm/min, 
at least 50 seem of the material gas is expected to be included in the reaction gas. That is approximately 1 .6X10 2 seem 
per the surface area of the substrate (m 2 ). The total flow can be defined by residence time (Rt). When Rt is defined 
described below, a preferred range of Rt is 100 msec < 1Rt, more preferably 200 msec < Rt <> 5 sec. In a conventional 
plasma TEOS, Rt is generally in the range of 10-30 msec. 

so 

Rt[s] = 9.42x10 7 (Pr.Ts/PsTr)r w 2 d/F 

wherein: 

55 

Pr: reaction chamber pressure (Pa) 

Ps: standard atmospheric pressure (Pa) 

Tr: average temperature of the reaction gas (K) 
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Ts: standard temperature (K) 

r w : radius of the silicon substrate (m) 

d: space between the silicon substrate and the upper electrode (m) 
F: total flow volume of the reaction gas (seem) 

chamber. The resrdence tl me (Rt) can be calculated at Rt=aV/S, wherein V is the capacity of the chamber (cTs is 
223" ? TO" 938 (CC/S) ' and ° iS 3 determined b V the s "ape of the reaction c^ambe ^dthe 

is defined by the surface of the substrate (nr*) and the space between the upper electrode and the lower elec^e 
Consdenng the gas flow through the space for reaction, a can be estimated as 1/2. In the JSXSS^T' 

Basic Effects 

LmhnnlT TST?' ^T 6rial 933 iS " in Sh ° rt ' 8 silicon ^ining hydrocarbon compound including at least one 
m£l, it 0 "^ 1 b ° ndS 3nd 81 le8St two Mrocarbon radicals bonded to the silicon (ii) J? S 

SSSTTTS? 3 VaPOriZatb " mSth0d The meth0d resUltS in 30 if1su,a ' ion fi'm having a tow ^ e 
dielectric constant, high theimal stability and high humidity-resistance 

^LrenShonim^ 1 £?! Tf T* - ** *"* va P oriza,bn method <=an stay in the plasma for a 
sufficient length of time. As a result, a l.near polymer can be formed so that a linear polymer having the basic structure 
(formula 7) wherein the V is 2 or a greater value, forms in a vapor phase. The^mer 7Sin*£X^ 
semiconductor substrate and forms an insulation film having a micropore porous structure ^ 



XI 



Rl 
I 

Si- 
I 

R2 



— X2 



n 



(7) 



8nd X2 8rS ° nCmH o Wherein " ^ 0 or 1 . m and p are integers including zero 

SStanS havinn'S h!?,? *" ' h * b6C8Use rts Omental structure has the 

S O bond havmg h.gh bonding energy therebelween. Also, its relative dielectric constant is low because it has a 
micropore porous structure. Further, the fundamental structure (-Si-O-) has on both sid« ^nl^f™! w 

e Si-CH 3l and bond wrth benzene, i.e., S.-C 6 H 5 , have a dissociation temperature of 500°C or higher Since above 
Outline of Example Structures 

SH2i R9Ure 1 d f 9ra ^ matical| y showsa P la ^aCVD apparatus usable in this invention. This apparatus comprises 
.nes 13 contra valves 8 d.sposed in the lines 13, and gas inlet ports 14, 15 and 16 A flow controlterTZ Sneered 

T* ? We& 6 f ° r COntr0 " in9 8 f ' 0W °' 8 materi81 ° as of a P-determined volume A c^teheTac 
commodating l,qu,d reacting material 18 is connected toa vapor*er 17 that directfy vaporizes liquid The ptas^cVD 

To i di '"n h 3 Ch ! mbef 6 ' 3 988 in,6t POft 5 ' 8 SUSCe P tor 3 and a heats ^. A circular gas 

r ? mder ^ 985 in,et POrt ' The 988 diffusin 9 P te,e 10 has a "«*er of fine openil at s 
££om T T re8 T T 93S t0 th6 semiconduc <° r ^^trate 4 therefrom. There is an exhaust pTZat the 

EST«?r T C 5 am ? K i ™ 8 6Xh8USt ^ 1 1 is connected to an ou,er vacuu ™ P^P (not shown) so ha me 
-ns.de of the reacflon chamber 6 can be evacuated. The susceptor 3 is placed in parallel wrth and fac ng the gas 



6 



EP 0 935 283 A2 

diffusing plate 10. The susceptor 3 holds a semiconductor substrate 4 thereon and heats it with the heater 2. The gas 
inlet port 5 is insulated from the reaction chamber 6 and connected to an outer high frequency power supply 9. Alter- 
natively, the susceptor 3 can be connected to the power supply 9. Thus, the gas diffusing plate 10 and the susceptor 
3 act as a high frequency electrode and generate a plasma reacting field in proximity to the surface of the semiconductor 
5 substrate 4. 

[0046] A method for forming an insulation film on a semiconductor substrate by using the plasma CVO apparatus of 
this invention comprises a step of directly vaporizing silicon-containing hydrocarbon compounds expressed by the 
general formula Si a OpC x H y (a, p, x, and y are integers) and then introducing it to the reaction chamber 6 of the plasma 
CVD device 1 , a step of introducing an additive gas, whose flow is substantially reduced, into the reaction chamber 6 
10 and also a step of forming an insulation film on a semiconductor substrate by plasma polymerization reaction wherein 
mixed gases, made from the silicon-containing hydrocarbon compound as a material gas and the additive gas, are 
used as a reaction gas. It is a remarkable feature that the reduction of the additive gas flow also renders a substantial 
reduction of the total flow of the reaction gas. This feature will be described in more detail later. 



15 Material Gas and Additive Gas 

[0047] In this regard, the silicon-containing hydrocarbon compound expressed as the general formula Si a O p C x H y 
(a, p, x, and y are integers) is preferably a compound having at least one Si-O bond, two or less 0-C n H 2n+1 bonds and 
at least two hydrocarbon radicals bonded with silicon (Si). More specifically, it is a compound indicated by 



20 



25 



30 



(A) chemical formula: 



R1 
I 

QH^-O-Si-O-QH,^ (2) 
I 

R2 



wherein R1 and R2 are one of CH 3 , C 2 H 3 , C 2 H 5 , C 3 H 7 and C 6 H 5 , and m and n are any integers; 
a compound indicated by 
35 (B) chemical formula: 



40 \ 

R3-Si-C-QH 2rt+1 (3) 
I 

45 R2 

wherein R1 , R2 and R3 are one of CH 3 , C 2 H 3 , C 2 H 5 , C 3 H 7 and C 6 H 5 , and n is any integer; 
a compound indicated by 
(C) chemical formula: 

so 



55 
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C n H 2n* 



R1 R3 

! 

,-O-Si-O-SI- 0-QH 2m+1 



(4) 



I 

R2 R4 



10 



15 



40 



45 



50 
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(D) chemical formula: 



20 



2S 



30 



3S 



R1 R6 

I 

R2 - Si - O - Si - R5 
i 

R3 R4 



(5) 



wmi niirogen oxiae (N 2 0) or oxygen (0 2 ) as an oxidizing agent; or 



a compound indicated by 
(E) chemical formula: 



R1 

I 

R2 - Si - R4 



R3 



ita! oxide? N o^ nd R4 are ^f ° f CH3 " CzH3 ' CzH5 ' ^ and C * H * and a * the compound with 

nitrogen oxide (N a O) or oxygen (0 2 ) as an oxidizing agent. 

KJ^VKiSP' ,Ba ' *" •■»— *■ «- 1- -» o, 

(0049] The additive gases deed la ihs embodiment more specifiea»y, are arson gas ana helium nas Arnnn I. ™ 

[00S0] In the method described above, the first step of direct vaporization is a method wherein a liouid material the 
flowof whsh ,s controlled, is instantaneously vaporized at a vaporizer that 

ST "° r H er A 93S T 38 ar9 ° n ,0 <»* 3 desi9na,ed amoun < of ^SSSSSS 
22?r ACCOrd ' n9,y ' a lar 9 e amount of ar 9on gas or helium gas is no longer necessa^d tSu"ee me 
12?, t T eaC, ' 0n 938 ^ l8n9thens ,he time in "** the mater ial gas stays in the plasma As a result 

KSiJ" Fi9Uf t e 1 '. ine k rt f s sup P ,ied throu 9 h the 9as inlet port 14 pushes out the liquid reacting material 18 which 
s the silicon^containing hydrocarbon compound, to the control valve 8 through the line 1 3 The com ™va ve 8 «Z2 

The ?X T ? " reaCti " 9 """" 1 8 ^ ,he fl ° W 7 so ,hat » *- n« exceed S ume 

The reduced sihcon-conlammg hydrocarbon compound 18 goes to the vaporizer 17 to be vaporiz^t TdS v* 
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porization method described above. Argon and helium are supplied through the inlet ports 1 5 and 1 6, respectively, and 
the valve 8 controls the flow volume of these gases. The mixture of the material gas and the additive gases, which is 
a reaction gas, is then supplied to the inlet port 5 of the plasma CVD device 1. The space between the gas diffusing 
plate 10 and the semiconductor substrate 4, both located inside of the reaction chamber 6 which is already evacuated, 

5 is charged with high frequency RF voltages, which are preferably 13.4MHz and 430kHz, and the space serves as a 
plasma field. The susceptor 3 continuously heats the semiconductor substrate 4 with the heater 2 and maintains the 
substrate 4 at a predetermined temperature that is desirably 350-450°C. The reaction gas supplied through the fine 
openings of the gas diffusing plate 10 remains in the plasma field in proximity to the surface of the semiconductor 
substrate 4 for a predetermined time. 

10 [0052] If the residence time is short, a linear polymer cannot be deposited sufficiently so that the film deposited on 
the substrate does not form a micropore porous structure. Since the residence time is inversely proportional to the flow 
volume of the reaction gas, a reduction of the flow volume of the reaction gas can lengthen its residence time. 
[0053] Extremely reducing the total volume of the reaction gas is effected by reducing the flow volume of the additive 
gas. As a result, the residence time of the reaction gas can be lengthened so that a linear polymer is deposited suffi- 
ciently and subsequently an insulation film having a micropore porous structure can be formed. 
[0054] In order to adjust the reaction in the vapor phase, it is effective to add a small amount of an inert gas, an 
oxidizing agent, or a reducing agent to the reaction chamber. Helium (He) and Argon (Ar) are inert gases and have 
different first ionization energies of 24.56 eV and 1 5.76 eV, respectively. Thus, by adding either He or Ar singly or both 
in combination in predetermined amounts, the reaction of the material gas in the vapor phase can be controlled. Mol- 

20 ecules of the reaction gas undergo polymerization in the vapor phase, thereby forming oligomers. The oligomers are 
expected to have a 0:Si ratio of 1 : 1 . However, when the oligomers form a film on the substrate, the oligomers undergo 
further polymerization, resulting in a higher oxygen ratio. The ratio varies depending on the relative dielectric constant 
or other characteristics of a film formed on the substrate (e.g., in Example 5 described later, the ratio was 3:2). 
[0055] The remaining oxygen, which is derived from the material gas and is not incorporated into the film, is disso- 

2S ciated from the material compound and floats in plasma. The ratio of Si:0 in the material gas varies depending upon 
the compound. For example, in formulae 2-6 above, the ratio of 0:Si is 2:1 , 1:1, 3:2, 1 :2, and 0:1 , respectively. If the 
material gas having a high ratio of 0:Si (e.g. , 3/2 or higher) is used, the quantity of oxygen floating in plasma increases. 
When the quantity of oxygen increases, the organic groups, which are directly bound to Si and necessary to form a 
film, are oxidized, and as a result, deterioration of the film is likely to occur. In the above, by adding a reducing agent 

30 such as H 2 and CH 4 to the reaction chamber, the oxygen partial pressure in plasma is reduced, thereby preventing 
the above oxidization of the organic groups, in contrast, when the 0:Si ratio is low (e.g., 3/2 or lower), it is necessary 
to supply oxygen for forming a film by adding an oxidizing agent such as N2O and 0 2 . The appropriate amount of a 
reducing agent or an oxidizing agent can be evaluated in advance based on preliminary experiment in which the com- 
position of a formed film is analyzed by FT-IR or XRS, and its relative dielectric constant is also analyzed. Accordingly, 

35 by selecting the appropriate type of additive gas such as He, Ar, a reducing agent, and an oxidizing agent, and by 
controlling the quantity of each gas to be added, a film having the desired quality can be produced. 

Other Aspects 

40 [0056] In the above, the silicon-containing hydrocarbon compound to produce a material gas for silicone polymer 
has preferably two alkoxy groups or less or having no alkoxy group. The use of a material gas having three or more 
alkoxy groups interferes with formation of linear silicone polymer, resulting in relatively high dielectric constant of a 
film. In the above, one molecule of the compound preferably contains one, two, or three Si atoms, although the number 
of Si atoms is not limited (the more the Si atoms, the vaporization becomes more difficult, and the cost of synthesis of 

45 the compound becomes higher). The alkoxy group may normally contain 1-3 carbon atoms, preferably one or two 
carbon atoms. Hydrocarbons bound to Si have normally 1 -12 carbon atoms, preferably 1 -6 carbon atoms. A preferable 
silicon-containing hydrocarbon compound has formula: 



SO S 'a°a-1 R 2a-p + 2( OC n H 2n + l)p 

wherein a is an integer of 1 -3, p is 0, 1 , or 2, n is an integer of 1-3, and R is hydrocarbon attached to Si. The use 
of an oxidizing agent or a reducing agent is determined depending on the target relative dielectric constant (3.30 or 
less, preferably 3.10 or less, more preferably 2.80 or less) of a silicone polymer film and ether characteristics such as 
55 stability of dielectric constant and thermal stability. The 0:Si ratio in the material .gas is also considered to select an 
oxidizing agent or a reducing agent, as described above. Preferably, if the ratio is lower than 3:2, an oxidizing agent 
is used, whereas if the ratio is higher than 3:2, a reducing agent is used. Further, an inert gas such as Ar and He is for 
controlling plasma reaction, but is not indispensable to form a silicone polymer film. The flow of material gas and the 
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How of additive gas can also vary depending on the plasma CVD apparatus. The appropriate flow can be determined 

ccTolTJ T m*"*; C ° nS,ant ° f thS Si ' iCOne ^'nce SJlSSZS 

SZ? a h ? enal 983 and ,hS 3dditive 93S) - ^ ,on 9 er tne residence tower the dielectric co^sS 

becomes. A reducfon rate of dielectric constant per lengthened residence time is changeable andSa certS, 

afteracerta.nres.dencet.meofthe reaction gas. After this dielectric constant dropping range, the reductiioSSc 

^ * «-A*b residencelrn^lh % 
and ZSSSS^ T 9 9 aS8d ° n 3 P fedetenTlined correlation between the dielectric constant of the film 

EXAMPLES 

Pre ! erred . reSU ^ in th6 ex P erimen,s are desc "bed below. In these experiments, PM-DMOS (phenvl- 
me hyl dimethoxysilane, formula 1 ), DM-DMOS (dimethyl dimethoxysilane, formula 8), and P-TMOS were used as the 

EST *? ° r , dinary P ' aSma CVD ^ ( EAGLE - 10 ™. ASM Japan K.K.) was used as an expe^enta. devie 
The conditions for forming the film are as follows; wpenmemai aevice. 

Additive gas: Ar and He 

ZSZSSS^S^ ,requency made ,rom 134MHZ and 430kHz by syn,hesi2ing them * each <**> 

Reacting pressure: 7 Torr 

Vaporizing method: direct vaporization 

The residence time (Rt) is defined with the following formula. 

Rt[s] = 9.42x1 0 7 (Pr.Ts/Ps.Tr)r w 2 d/F 

In this formula, each abbreviation indicates the following parameter. 

Pr: reaction chamber pressure (Pa) 

Ps: standard atmospheric pressure (Pa) 

Tr: average temperature of the reaction gas (K) 

S^SS^™^ fw '' fadiUS ° f Si,iC ° n SUbStfate (m) * SpaCe b6tWeen the silicon substra,e «* the 
F: total flow volume of the reaction gas (seem) 

between the flow volume and the relative dielectric constant. reianonsnip 

Pr= 9.33x1 0 2 (Pa) 
Ps= 1.01x10 s (Pa) 
Tr = 273 +400 = 673 (K) 
Ts = 273(K) 
r w =0.1 (m) 

d = 0.014 (m) 

[0058] Table 1 lists comparative examples and present invention's examples. 
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Table 1 



5 




Material Gas 
Flow (seem) 


Ar (seem) 


He (seem) 


Reaction Gas 
Total Flow 
(seem) 


Rt (msec) 


Relative 
dielectric 
constant e 




C.Ex. 1 (P- 
TMOS) 


100 


1000 


1000 


2100 


24 


3.38 


10 


C.Ex. 2 (P- 
TMOS) 


100 


10 


10 


120 


412 


3.42 




C.Ex. 3 (PM- 
DMOS) 


100 


775 


775 


1650 


30 


3.41 


15 


C.Ex. 4 (PM- 
DMOS) 


100 


550 


550 


1200 


41 


3.41 




C.Ex. 5 (PM- 
DMOS) 


100 


430 


430 


960 


51 


3.40 


20 


C.Ex. 6 (PM. 
DMOS) 


100 


310 


310 


720 


68 


3.35 




Ex. 1 (PM- 
DMOS) 


100 


140 


140 


480 


103 


3.10 


25 


Ex. 2 (PM- 
DMOS) 


100 


100 


100 


300 


165 


2.76 




Ex. 3 (PM- 
DMOS) 


100 


70 


70 


240 


206 


2.64 


30 


Ex. 4 (PM- 
DMOS) 


100 


10 


10 


120 


412 


2.45 




Ex. 5 (DM- 
DMOS) 


100 


10 


10 


120 


412 


2.58 


35 


Ex. 6 (DM- 
DMOS) 


25 


3 


0 


28 


1764 


2.51 




Ex. 7 (DM- 
DMOS) 


25 


0 


5 


30 


1647 


2.50 


40 


Additive Gas 
Change 




H 2 (seem) 


CH 4 .(sccm) 








Ex. 8 (DM- 
DMOS) 


100 


20 


0 


120 


412 


2.52 


45 


Ex. 9 (DM- 
DMOS) 


25 


5 


0 


30 


1647 


2.49 


Ex. 10 (DM- 
DMOS) 


25 


0 


5 


30 


1647 


2.67 



Comparative Example 1 

so 

[0059] Material gas: P-TMOS (100 seem) 
Additive gases: Ar (1000 seem) and He (1000 seem) 
Total flow volume of reaction gas: 2100 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
ss was 24 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 3.38. 
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Comparative Example 2 

[0060] Material gas: P-TMOS (1 00 seem) 
Additive gases: Ar (1 0 seem) and He (1 0 seem) 
Total flow volume of reaction gas: 120 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 412 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 3.42. 

Comparative Example 3 

[0061] Material gas: PM-DMOS (100 seem) 
Additive gases: Ar (775 seem) and He (775 seem) 
Total flow volume of reaction gas: 1650 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 30 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 3.41. 

Comparative Example 4 

[0062] Material gas: PM-DMOS (100 seem) 
Additive gases: Ar (550 seem) and He (550 seem) 
Total flow volume of reaction gas: 1200 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 41 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 3.41. 

Comparative Example 5 

[0063] Material gas: PM-DMOS (100 seem) 
Additive gas: Ar (430 seem) and He (430 seem) 
Total flow volume of reaction gas: 960 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 51 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 3.40. 

Comparative Example 6 

[0064] Material gas: PM-DMOS (100 seem) 
Additive gases: Ar (310 seem) and He (310 seem) 
Total flow volume of reaction gas: 720 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 68 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 3.35. 

Example 1 

[0065] Material gas: PM-DMOS (100 seem) 
Additive gases: Ar (140 seem) and He (140 seem) 
Total flow volume of reaction gas: 480 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 103 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 3.10. 

Example 2 

[0066] Material gas: PM-D MOS ( 1 00 seem) 
Additive gases: Ar (100 seem) and He (100 seem) 
Total flow volume of reaction gas: 300 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 165 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 2.76. 
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Example 3 

[0067] Material gas: PM-DMOS (100 seem) 
Additive gases: Ar (70 seem) and He (70 seem) 
5 Total flow volume of reaction gas: 240 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 206 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 2.64. 

Example 4 

10 

[0068] Material gas: PM-DMOS (100 seem) 
Additive gases: Ar (10 seem) and He (10 seem) 
Total flow volume of reaction gas: 120 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 

is was 412 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 2.45. 
[0069] Hereinafter, the results given above will be examined with reference to Figures 2 and 3. Figure 2 is a graph 
showing the relationship between the relative dielectric constant e and the total flow volume of the reaction gas as well 
as the relationship between the residence time Rt and the total flow volume of the reaction gases, in the experiments 
using PM-DMOS as a material gas. Figure 3 is a graph showing the relationship between the residence time Rt and 

20 the relative dielectric constant e in the experiments using PM-DMOS as a material gas. 

[0070] First, the relationship between the flow volume of the PM-DMOS gases and the relative dielectric constant e 
of the insulation film will be examined. Figure 2 shows that the relative dielectric constant e is almost constantly 3.4 
while the flow volume is about 700 seem. However, the relative dielectric constant e begins to fall with the decrease of 
the flow volume, i.e., at approximately 700 seem or less. Further, as the flow volume falls to under 500 seem, the 

25 residence time Rt rises drastically and the relative dielectric constant e falls drastically. Meanwhile, Figure 3 shows that 
the relative dielectric constant e begins to decrease when the residence time Rt increases from approximately 70 msec. 
When the residence time Rt is greater than 400 msec, the relative dielectric constant e falls to 2.45. 
[0071] Thus, these present invention's examples apparently indicate that if the total flow of the reaction gas of the 
PM-DMOS gas and the additive gas is controlled so that Rt is more than 100 msec the relative dielectric constant e 

30 can be controlled to be less than 3.1 . 

Example 5 

[0072] DM-DMOS (formula 8) was then tested. 

35 

R1 
I 

40 CH 3 -0-Si-0-CH 3 (8) 

I 

R2 

45 

Material gas: DM-DMOS (100 seem) 

Additive gases: Ar (1 0 seem) and He (1 0 seem) 

Total flow volume of reaction gas: 120 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
50 was 412 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 2.58. 

Example 6 

[0073] Material gas: DM-DMOS (25 seem) 
55 Additive gases: Ar (3 seem) and He (0 seem) 
Total flow volume of reaction gas: 28 seem 

Other conditions and devices used for forming the film are given above. The calculated value of the residence time Rt 
was 1764 msec. The conditions in this example reduced the relative dielectric constant e of the insulation film to 2.51 . 
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Example 7 



[0074] Material gas: DM-DMOS (25 seem) 
Additive gases: Ar (0 seem) and He (5 seem) 
Total flow volume of reaction gas: 30 seem 



,~ w. .uuvuwM yaa. ou beem 

wa?iwTIr S d de ^ S US9d f ° r formin9 the film are *« above - The «*uhtod value of the residence time Rt 
was 1647 msec. The cordons in this example reduced the relate die.ectric constant e of the SSEZSS 



Example 8 

[0075] Material gas: DM-DMOS (1 00 seem) 
Additive gases: H 2 (20 seem) and CH 4 (0 seem) 
Total flow volume of reaction gas: 1 20 seem 



-„.w ■ itW OLrUill 



Example 9 

[0076] Material gas: DM-DMOS (25 seem) 
Additive gases: H 2 (5 seem) and CH 4 (0 seem) 
Total flow volume of reaction gas: 30 seem 



Example 10 

[0077] Material gas: DM-DMOS (25 seem) 
Additive gases: H 2 (0 seem) and CH 4 (5 seem) 
Total flow volume of reaction gas: 30 seem 



[0079] The following will examine if the P-TMOS qas reolacino the pm nMn<s 

Comparative Examples 1 and 2 both are the results ItliZ in ho 9 as 03(1 ^nder the same results. 

These examples indicate that th ^!Sl^cS2SiI^T , ^ US ' n9 ** P '™° S 38 3 9as ' 
gas is reduced to 5 7% Th^ Z rZlTT T ? " 0t decrease even when the total flow of the reaction 

^ jt« ^sas^ssr M ,hs **** — - * 

a. teas, *o hyd,oca,L ZSfS .££ <ti> ^ b0n * M - 
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(1) Stability of Relative dielectric constant 

[0083] Changes in relative dielectric constant of the films were measured upon heating and humidifying the PM- 
DMOS film and the DM-DMOS film in a pressure cooker. That is, each film was formed on a Si wafer at a thickness of 
5 1 u.m, and its relative dielectric constant was measured upon formation of the film and after being placed at 1 20°C and 
100% humidity for one hour. The results are shown below. No change in relative dielectric constant of each film was 
detected, i.e., indicating high stability characteristics. 



Table 2: 



Relative dielectric constant 




Material Gas 


Upon Formation 


One Hour at High Temp, and Humid. 


Example 4 


PM-DMOS 


2.45 


2.45 


Example 5 


DM-DMOS 


2.58 


2.58 



(2) Thermal Stability 

[0084] Based on a thermal desorption test, thermal stability of film structures was evaluated. That is, the samples of 
20 PM-DMOS formed on the Si wafer and DM-DMOS formed on the Si wafer were placed in a vacuum and subjected to 
rising temperature at a rate of 10°C per minute, thereby measuring the amount of molecules desorpted from the film. 
Figure 4 is a graph showing the thermal desorption spectra of components having a molecular weight of 16 due to 
desorption of CH 4 during the temperature rise. Figure 5 is a graph showing changes in the degree of vacuum corre- 
sponding to the number of total molecules desorpted from the film. In both experiments, no desorption was detected 
2s in either film at a temperature of 400°C or lower. Desorption began at approximately 450°C in PM-DMOS and at 
approximately 500°C in DM-DMOS. Thermal stability required for low relative dielectric constant films is generally for 
400°C to 450°C. Therefore, it was proved that both the PM-DMOS film and the DM-DMOS film had high thermal stability. 
[0085] As described above, the method of this invention using the silicon-containing hydrocarbon compounds of this 
invention as the material gases produces an insulation film that has high thermal stability, high humidity-resistance and 
30 a low relative dielectric constant. Additionally, it is found that controlling the residence time of the reaction gas can 
effectively and easily control the relative dielectric constant of the film. Further, the method of this invention actualizes 
easy production of insulation films without using expensive devices. 

[0086] Although this invention has been described in terms of certain examples, other examples apparent to those 
of ordinary skill in the art are within the scope of this invention. Accordingly, the scope of the invention is intended to 
35 be defined only by the claims that follow. 

[0087] It will be understood by those of skill in the art that numerous and various modifications can be made without 
departing from the spirit of the present invention. Therefore, it should beclearly understood that the forms of the present 
invention are illustrative only and are not intended to limit the scope of the present invention. 

40 

Claims 

1. A method for forming a silicone polymer insulation film on a semiconductor substrate by plasma treatment, com- 
prising the steps of: 

4S 

directly vaporizing a silicon-containing hydrocarbon compound to produce a material gas for silicone polymer, 
said silicon-containing hydrocarbon having two alkoxy groups or less or having no alkoxy group; 
introducing the material gas into a reaction chamber for plasma CVD process wherein a semiconductor sub- 
strate is placed; 

so introducing an additive gas for controlling plasma reaction into the reaction chamber, said additive gas being 

selected to provide a predetermined ratio of 0:Si in a silicone polymer film when formed; 
activating plasma polymerization reaction in the reaction chamber where a reaction gas composed of the 
material gas and the additive gas is present, to form a silicone polymer film having a relative dielectric constant 
on the semiconductor substrate; and 

55 controlling flow of the reaction gas to lengthen residence time of the reaction gas in the reaction chamber until 

the relative dielectric constant of the silicone polymer film is lower than a predetermined value. 

2. The method according to Claim 1 , wherein the residence time is determined by correlating the relative dielectric 
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constant with the residence time. 



«. TOe method according to Claim <.^^m^^^^^ cmp0M , as , , o38||icooa<Jms 

hydrocarbon attached to Si. integer of 1-3, and R is 

7. The method ««*, ,„ c b ,m , , „ e ^, fe9 g88 „ ^ ^ ^ ^ _ ^ ^ 

having predetermined properties. 9 ma,e " al 935 to ,orm a silicone ®™ 

having predetermined properties. matenal gas to form a si,icone P°ly™r film 

Z?Zt™ 9 T° 10 C ' aim ' ^ erein ^ Sili — -aining hydrocarbon compound is se.ected from the 



R1 



Rl 



QJW O - Si - O - Q,H 2m+l R3 - Si - O - QH^, 



R2 



Rl R3 



R2 



I I 



Rl R6 
I I 



^,-O-Si-O-Si- 0-QH Jm+1 R2-Si-0-Si-R5 



R2 R4 



I 

R3 R4 



I 

R2 - Si - R4 
I 

R3 
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wherein R1 , R2, R3, R4, R5, and R6 are independently CH 3( C 2 H 3 , C 2 H 5 , C 3 H 7 or C 6 H 5 , and m and n are integers 
of 1-6. 

11 . The method according to Claim 1 , wherein the flow of the reaction gas is controlled to render the relative dielectric 
5 constant of the silicone polymer film lower than 3.30. 

12. The method according to Claim 1, wherein the predetermined value of the residence time of the reaction gas is 
determined by correlating the residence time of the reaction gas with the relative dielectric constant of the film. 

70 
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